Objective: Sports-related concussion has received increasing attention as a cause of short-and long-term neurologic symptoms among athletes. The King-Devick (K-D) test is based on measurement of the speed of rapid number naming (reading aloud single-digit numbers from 3 test cards), and captures impairment of eye movements, attention, language, and other correlates of suboptimal brain function. We investigated the K-D test as a potential rapid sideline screening for concussion in a cohort of boxers and mixed martial arts fighters.
other standard tests of cognition such as Immediate Post-Concussion and Cognitive Testing (ImPACT) 37 and the Military Acute Concussion Evaluation (MACE). 38 The Standardized Assessment of Concussion (SAC) is a component of the MACE test and is used as a sideline measure of cognitive function, but does not assess eye movements or brainstem function. 39 The K-D test captures impairment of eye movements, attention, language, and other areas that correlate with suboptimal brain function. 40 We investigated the K-D test as a potential rapid sideline screening for concussion in a cohort of boxers and mixed martial arts (MMA) fighters. We determined if athletes with head trauma and loss of consciousness during matches differed in terms of their postfight K-D time scores or with regard to changes in scores from prefight to postfight. Test-retest reliability was examined, as were correlations between postfight K-D scores and the MACE test.
METHODS Study participants. For this cross-sectional study, boxers and MMA fighters were recruited and enrolled prior to sparring sessions and matches conducted in the Boston, MA, area. Boxers were amateurs recruited by their gym manager and invited to participate in 3-round sparring sessions. Standard and routine headgear and sparring-grade boxing gloves were worn. MMA fighters participated during a sanctioned MMA event. Written informed consent was obtained from all participants and principles outlined in the Declaration of Helsinki were followed.
The King-Devick test. The K-D test is based on measurement of the speed of rapid number naming. 36 The test involves reading aloud a series of single-digit numbers from left to right on 3 test cards. Standardized instructions are used, and the test requires less than 2 minutes to administer. The K-D test includes one practice (demonstration) card and 3 test cards, as shown in figure 1. To perform the K-D test, participants were asked to read the numbers on each card from left to right as quickly as possible but without making any errors. The sum of the 3 test card time scores constituted the summary score for the entire test, the K-D time score. Numbers of errors made in reading the test cards were recorded.
Military Acute Concussion Evaluation. The MACE was used as a more comprehensive test for concussion among the MMA fighters. This test consists of 3 components, including a cognitive history, memory and orientation testing, and a neurologic screening. 38 Based on the first 2 components, a total score is given (total possible 30). This test requires 15-20 minutes. A total MACE score less than 25 is considered to represent clinically relevant neurocognitive impairment and require further evaluation for brain injury. 38 Testing procedures for boxers. All boxers were tested at ringside immediately before a 3-round sparring session. Correc-tions were made for near vision as needed. Boxers were given standardized instructions for the K-D test. For purposes of determining test-retest reliability of precompetition K-D scores, all boxers were tested twice within a 15-minute period before their sparring session by the same examiners.
After the individual 9-minute sparring sessions, each boxer was retested once using the K-D test. Boxers who sustained head trauma during their fight were given the MACE test immediately after the sparring session followed by the K-D test. Among boxers, the MACE test was given only to those with head trauma. Head trauma was defined as overt blows to the head with or without loss of consciousness (LOC); judgments with regard to the occurrence of head trauma or LOC (falling down without movement, or being "out on their feet") were made by an independent physician with prior ringside experience and expertise in boxing and MMA. This ringside physician was separate from the individuals who performed the K-D testing; the K-D testers were masked to the greatest extent possible to the head trauma/concussion status of each athlete.
Testing procedures for MMA fighters. Fighters were
tested on the day before the MMA event at the time of their weigh-ins. Protocols for K-D testing were the same as those used for the boxers (described above). Postfight testing was delayed by 30 to 60 minutes for 3 fighters due to nonhead injuries. MACE testing in this group was performed for all fighters in the cohort.
Statistical analysis.
Statistical analyses were performed using Stata 11.0 software. Given the common endpoints of head trauma and LOC, and their uniform definitions for both the boxers and MMA fighters, data were analyzed based on the combined study cohort. Differences in postfight K-D time scores and changes in scores from prefight to postfight were compared for participants with head trauma during the fight vs those without using the Wilcoxon rank sum test with exact variances. Among participants with head trauma, those with vs without LOC were compared similarly. Test-retest reliability was estimated for 2 prefight K-D test measurements by the intraclass correlation coefficient (ICC); ICCs were also used to examine agreement between prefight and postfight scores among participants without head trauma. The relation of postfight K-D scores and changes in scores to the MACE were determined using Spearman rank correlations.
RESULTS
Characteristics and K-D testing data for the study cohort (n ϭ 39) are shown in table 1. With the exception of one participant, all fighters and boxers were men. Prefight K-D scores were similar across groups, with slightly lower mean time scores noted for the second prefight testing session (table 2). ICCs of K-D scores between the 2 prefight testing sessions indicated a high degree of test-retest reliability (ICC 0.97 [95% confidence interval [CI] 0.90 -1.0]).
Postfight K-D time scores were significantly higher (worse) for participants who had head trauma during the match (59.1 Ϯ 7.4 vs 41.0 Ϯ 6.7 seconds, p Ͻ 0.0001, Wilcoxon rank sum test, table 2). Among those with head trauma, participants with LOC had even higher postfight K-D scores compared to those with no LOC (65.5 Ϯ 2.9 vs 52.7 Ϯ 2.9 seconds, p Ͻ 0.0001).
The median change in scores from prefight to postfight for participants who did not have head trauma was a 1.9-second improvement, while the median change for those with head trauma was an 11.1-second worsening ( p Ͻ 0.001). Participants with LOC also had the greatest worsening of scores from prefight to postfight, with a median increase of 18.0 seconds ( p ϭ 0.02 vs no LOC). The numbers of errors were very few, with one participant making 2 errors and another one error on postfight testing. However, both of the participants who made errors were boxers who had head trauma.
Minimal improvement of scores from prefight to postfight was noted for participants with no head trauma ( p ϭ 0.0001, signed-rank test comparing prefight vs postfight scores, table 2). This observation likely reflects learning effects for the K-D test. Participants who did not have head trauma during their match (n ϭ 31) also showed high degrees of test-retest reliability between the best prefight and postfight K-D scores, with ICC values of 0.95 (95% CI 0.87-1.0, table 2).
Among participants who were given the MACE test postfight, 5 of 7 (71%) with overt head trauma failed, while none of those without head trauma failed the MACE. Worse postfight K-D scores (r s ϭ Ϫ0.79, p ϭ 0.0001) and greater worsening of scores (r s ϭ 0.90, p Ͻ 0.0001) correlated well with postfight MACE scores.
The postfight K-D score distributions showed some overlap between the groups with and without head trauma (figure 2). However, there was no overlap in the distribution of changes in scores from prefight to postfight, with a substantial gap between the Demonstration and test cards for the King-Devick (K-D) Test, a candidate rapid sideline screening for concussion based on measurement of speed of rapid number naming
To perform the K-D test, participants are asked to read the numbers on each card from left to right as quickly as possible but without making any errors. Following completion of the demonstration card (upper left), subjects are then asked to read each of the 3 test cards in the same manner. The times required to complete each card are recorded in seconds using a stopwatch. The sum of the 3 test card time scores constitutes the summary score for the entire test, the K-D time score. Numbers of errors made in reading the test cards are also recorded; misspeaks on numbers are recorded as errors only if the subject does not immediately correct the mistake before going on to the next number.
worst change in the no head trauma group and the best change in the head trauma group. As demonstrated in table 1, the lower limit of the range of worsening of K-D time scores for participants with head trauma was 5.5 seconds. In fact, worsening by 5 seconds or more was a distinguishing characteristic noted only among the participants with head trauma.
DISCUSSION
Results of this study demonstrate that the K-D test is an accurate and reliable method for identifying athletes with head trauma, and is a strong candidate as a rapid sideline screening test for concussion. High degrees of test-retest reliability were noted for the K-D test in this study. Postfight time scores in this cohort of boxers and MMA fighters were greater (worse) postfight for participants who had head trauma during their match. Changes in scores from prefight to postfight also reflected this pattern and showed more separation between those with and without head trauma than the postfight scores alone. Worsening by 5 seconds or more was a distinguishing characteristic noted only among the participants with head trauma, suggesting that this threshold may be a useful cutoff for exploration in future studies as a criterion for having an athlete stop play pending medical evaluation for concussion. Closed head injury, even in mild form, is a leading cause of both short-term and long-term cognitive impairment among athletes, particularly for those in contact sports such as football, boxing, soccer, rugby, and hockey. The annual incidence of sports-related concussion in the United States is 1.6 to 3.8 million, and the likelihood of an athlete in a contact sport experiencing a concussion is as high as 20% per season. 21 While the majority of athletes who experience a concussion are expected to recover, the danger is greatly increased by a second concussion. [31] [32] [33] Having a second concussion before recovering from an initial one can be associated with metabolic brain abnormalities as documented by MRS, electrophysiologic changes, and neuropsychological deficits. 21, [31] [32] [33] [34] [35] In cases of repetitive concussion among boxers, at least 17% develop chronic traumatic encephalopathy (CTE), a condition characterized by long-term cognitive and neurobehavioral difficulties. 21, 24, 26 Symptoms of CTE include chronic headaches, fatigue, sleep difficulties, personality changes, sensitivities to light and noise, dizziness, and short-term memory deficits. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] This constellation of symptoms can be disabling for an athlete and can have lifelong implications. 9, 10, 31 The recognition and management of concussion in athletes can be difficult for a number of reasons. 21,18-20 1) Athletes who have experienced a concussion present with a wide variety of symptoms. 15, [17] [18] [19] [20] Although the classic symptoms of loss of consciousness, confusion, Table 1 Characteristics of boxers and mixed martial arts fighters and memory loss may be present in some athletes with mild concussion, there may or may not be obvious signs that a concussion has occurred. Symptoms of mild concussion are typically quite subtle and may go unnoticed or overlooked by the athlete, team medical staff, or coaches. 13, 15, [18] [19] [20] 2) Current management guidelines are not evidence-based and little to no scientific data support the multiple arbitrary systems that are in place to manage concussion. [18] [19] [20] 3) Traditional neurologic and radiologic procedures, such as CT scans, MRI scans, and EEG, although helpful in identifying more serious consequences of head trauma (e.g., skull fracture, hematoma, contusion, seizure), are not useful in identifying many of the effects of concussion. 25 Such tests are typically nonspecific or normal, even in athletes sustaining a severe concussion. Thus, while structural neuroimaging techniques are insensitive to the effects of concussion, more advanced fMRI techniques have been able to document damage and to examine the window of metabolic brain vulnerability during which a second concussion could be even more dangerous. 7,31-33 4) Most importantly, athletes may not understand the potential consequences of concussion and often minimize or deny symptoms so that they can return to play. [13] [14] [15] [16] [17] [18] [19] [20] Such underreporting of symptoms is a common practice at all levels of sport participation.
The K-D test is based on measurement of the speed of rapid number naming. 36 As such, the K-D test can capture impairment of eye movements, attention, language, and other areas that correlate with suboptimal brain function. 21, 40 Saccadic and other types of eye movements are frequently abnormal following concussion, and early eye movement function may serve as a predictor of postconcussion syndrome. 40 In a recent investigation of 36 patients with postconcussion syndrome vs 36 controls with good recovery following mild closed head injury of similar severity (140 -163 days posttrauma), 40 patients with postconcussion syndrome had significantly higher numbers of directional errors on antisaccade tasks ( p ϭ 0.006) and memory-guided sequences ( p ϭ 0.002). To the extent that the K-D test captures saccadic eye movements among other important elements of rapid number naming, these data suggest that this quick screening test will be helpful in identifying athletes with signs of concussion. Impaired eye movement function, particularly for those reflecting subcortical pathways, correlated well with severity of postconcussive symptoms and with limitation of activities of daily living. In another study, early eye movement function at 1 week was shown to predict development of postconcussion syndrome. 40 Collectively, data on eye movement testing demonstrate a high degree of sensitivity and predictive value as an outcome measure for concussion. 40 While the manifestations of postconcussion syndrome are best captured by extensive testing batteries such as ImPACT, 37 and may be influenced by intellectual ability or depression, tests of rapid number naming such as K-D represent an objective measure. Because the K-D test captures many aspects of function, including subcortical (subconscious) pathways that extend beyond eye movements, this test may help coaches and trainers with game decisions regarding removal of a player who may have been concussed.
Since our study cohort consisted of boxers and MMA fighters, head trauma that occurred was observable and overt. In other sports such as football, closed head injury and concussion could occur in the context of plays involving many individuals, and head trauma may not be as readily detected. Worsening of K-D scores in this setting might be helpful for determining if a meaningful head blow has taken place.
Another important aspect of evaluating a potential screening test is the correlation of scores with an established battery of tests that measure the construct under study. Ongoing large-scale longitudinal studies of collegiate athletes are examining the relation of K-D test scores and changes in scores over the course of a season with ImPACT and other formal cognitive testing. 37, 38 In the present study, failing the MACE test (score Ͻ25 out of maximum 30 points) 38 was associated with worse postfight K-D scores and with greater worsening of K-D scores from prefight to postfight, accounting for age and best prefight K-D scores. While the MACE in our cohort was administered only to participants with head trauma among the boxers, all MMA fighters took the MACE test and none of those without head trauma during their match failed the MACE. Correlations between postfight MACE scores as a continuous variable and K-D scores were also strong, thus providing preliminary evidence that K-D test scores reflect more global aspects of cognitive function in the setting of acute mild closed head injury and concussion.
In order for the K-D test to be used effectively over time and to be administered by different testers, such as athletic trainers, the interrater and test-retest reliability of this measure must be assessed. Results of our study show that K-D test time scores have a high degree of test-retest reliability, with ICCs of 0.97 (95% CI 0.90 -1.0) for the 2 prefight measurements. These values indicate that a very high proportion of the variability in the dataset (97%) is due to between-participant differences rather than differences between testing sessions for the same participant. Reliability for K-D measurements prefight vs postfight was also excellent among participants who did not have head trauma during their match (ICC 0.95 [95% CI 0.87-1.0]). This finding suggests that K-D measurements are stable over the short term in the absence of intervening concussion.
The relatively uncommon occurrence of head trauma in our boxing cohort must be viewed in context of the fact that sparring sessions, rather than actual boxing matches, were assessed in this study. Boxers are at high risk for concussion and for more long-term manifestations of CTE, formerly termed dementia pugilistica. 21, [24] [25] [26] Nonetheless, our data indicate that head trauma events can be effectively identified by K-D test time scores, and that analyses of this new measure in future studies can establish its role as a rapid sideline screening test for concussion.
The K-D test, based on measurement of the speed of rapid number naming, can capture impairment of eye movements, attention, language, and other areas that correlate with suboptimal brain function. Data from this investigation demonstrate that the K-D test is an accurate and reliable method for identifying athletes with head trauma. The K-D test represents a strong candidate rapid sideline screening test for concussion, and has particular relevance to contact sports including football, soccer, hockey, MMA, and boxing. Prospective studies of collegiate athletes that are ongoing at the University of Pennsylvania will establish large-scale K-D test norms and expected ranges of precompetition scores for this age group, and will further investigate the capacity for K-D scores to capture closed head injury and concussion.
